1. Introduction {#sec1-nanomaterials-10-00889}
===============

Magnetic resonance imaging (MRI) has good anatomic resolution and excellent soft-tissue contrast imaging capabilities. MRI contrast agents are used to enhance the image contrast between diseased and healthy tissues, thus improving MRI sensitivity and accuracy \[[@B1-nanomaterials-10-00889]\]. Gadolinium (Gd) chelates \[[@B2-nanomaterials-10-00889]\] and iron oxide nanoparticles (IO NPs) \[[@B3-nanomaterials-10-00889]\] are the most common clinical *T*~1~ and *T*~2~ contrast agents, respectively. Since the mid-1990s several iron-based MRI contrast agents have been developed. A few have been marketed worldwide under the commercial names listed in [Table 1](#nanomaterials-10-00889-t001){ref-type="table"}, where a list of all IO-based contrast agents with a description of the NP's size, coating, and relaxivity values, together with the intended use and status on the market are shown. So far, only five IO NPs have been clinically approved for MRI imaging \[[@B4-nanomaterials-10-00889],[@B5-nanomaterials-10-00889]\]. Unfortunately, commercial production of the majority of these contrast agents ceased due to commercial reasons (lack of sales), and one (Combidex^®^) was terminated in phase III of the clinical trials because it failed to show a significant improvement in contrast on the MR image \[[@B5-nanomaterials-10-00889]\]. Currently, only Resovist^®^ (carboxydextran-coated Fe~3~O~4~ NPs, available only in limited countries) and Feraheme^®^ (carbohydrate-coated Fe~3~O~4~ NPs, withdrawn from the EU market) are available \[[@B6-nanomaterials-10-00889]\]. The data in [Table 1](#nanomaterials-10-00889-t001){ref-type="table"} clearly show that all the marketed IO-based contrast agents have relatively low relaxivities. Among them, the highest *r*~2~ value is shown by Resovist (189 mM^−1^ s^−1^), which is still on the market. Therefore, there is a need and a market space for novel IO NP-based imaging agents with a high safety margin and superior MRI properties. Liposomes are the most clinically approved nano-sized delivery systems \[[@B7-nanomaterials-10-00889]\], which proves their biocompatibility. Furthermore, their structure allows the encapsulation of additional active components in their aqueous core, offering a great platform for the preparation of multifunctional nanoparticles for theranostics and image-guided drug delivery, including MRI imaging.

Only a few reports have been published so far describing magneto-liposomes (MLs) as promising MRI contrast agents \[[@B11-nanomaterials-10-00889],[@B12-nanomaterials-10-00889],[@B13-nanomaterials-10-00889],[@B14-nanomaterials-10-00889],[@B15-nanomaterials-10-00889]\]. Interestingly, the majority of these studies reported that the encapsulation of hydrophilic IO NPs in the liposomes' aqueous core (so-called H-MLs) reduced particle aggregation under physiological conditions, enhanced tissue accumulation, and improved their imaging capabilities. In contrast, only one study has been published with hydrophobic, IO NPs embedded in the lipid bilayer of liposomes (so-called B-MLs), which demonstrated superior MRI imaging capabilities, compared to free hydrophilic IO NPs \[[@B16-nanomaterials-10-00889]\]. This has opened the door for a new class of promising MLs as *T*~2~ contrast agents. However, more studies are warranted to assess the effect of the lipid bilayer composition on the MRI properties of B-MLs. Longitudinal (*r*~1~) or transversal relaxivity (*r*~2~) of any contrast agent is defined as the ratio of water relaxation rate constant normalized to its concentration. Contrast agents of high relaxivities can provide an equivalent contrast effect at relatively low doses, which reduce the systemic toxicity of these contrast agents. \[[@B1-nanomaterials-10-00889]\] Several factors influence the relaxation of water molecules in the vicinity of the magnetic centres, such as the NP's magnetization and surface coatings \[[@B1-nanomaterials-10-00889],[@B17-nanomaterials-10-00889]\]. The latter can affect the relaxation of water molecules in various forms, such as diffusion, retention, hydration, and hydrogen bonding \[[@B1-nanomaterials-10-00889],[@B18-nanomaterials-10-00889]\]. The fluidity of the coating (i.e., lipid bilayer) has a significant influence on the relaxivity values since the accessibility of water protons to the magnetic centres is modified. The fluidity of the lipid bilayer depends on several factors, such as phospholipid hydrocarbon length and saturation, and cholesterol content, which has been shown to influence the MRI signals of Gd-chelates containing liposomes (*T*~1~ contrast agents) \[[@B19-nanomaterials-10-00889]\]. However, no such study has been carried on superparamagnetic NPs (*T*~2~ contrast agents). Although the use of an appropriate coating can boost the NP's MRI contrast agent efficiency, this topic has been largely understudied. To the best of our knowledge, this article represents the first systematic study on the influence of different phospholipids on the *r*~2~ values of B-MLs. It was demonstrated that a lipid bilayer surface with high hydration number, which favors the diffusion of water molecules within the NPs second sphere, is crucial to obtain high *r*~2~ values. Therefore, embedding small IO NPs in the lipid bilayer leads to unprecedented improvement of *r*~2~ values compared to "free" IO NPs. Moreover, the correlation between the bilayer fluidity and relaxivity *r*~2~ is clearly shown. Finally, the in vitro MRI measurements together with the inductively coupled plasma mass spectrometry (ICP-MS) analysis revealed MLs as highly selective contrast agents that were preferentially taken up by cancerous T24 cells, which led to an improvement in the contrast and an easier distinction between the healthy and the cancerous cells at very low IO NPs concentrations, which is not the case for "free" IO NPs.

2. Materials and Methods {#sec2-nanomaterials-10-00889}
========================

2.1. Chemicals {#sec2dot1-nanomaterials-10-00889}
--------------

Oleic acid (OA, \>99.9%), octyl ether (99%), iron (0)-pentacarbonyl (Fe(CO)~5~, \> 99.99%), hydrocaffeic acid (HCA, 98%), tetrahydrofuran (THF, anhydrous, \>99.9%), dimethyl sulfoxide (DMSO, \> 99.5%), and cholesterol (\>99%) were purchased from Sigma Aldrich (Dorset, UK). Nitric acid (65% HNO~3~), hydrochloric acid (30% HCl), and hydrogen peroxide (30% H~2~O~2~) were obtained from Merck Millipore (Milford, MA, USA). Standard solution of Fe (1000 µg Fe/mL in 2--3% HNO~3~) was obtained from Merck (Darmstadt, Germany). 1,2-dioleoyl-*sn*-glycero-3-phosphatidylcholine (DOPC), 1,2-dipalmitoyl-*sn*-glycero-3-phosphatidylcholine (DPPC), 1,2-distearoyl-*sn*-glycero-3-phophatidylcholine (DSPC), and N-\[carbonyl-methoxy(polyethylene glycol)-2000\]-1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine, sodium salt (DSPE-PEG~2000~) were a kind gift from Lipoid GmbH (Ludwigshafen, Germany).

2.2. Synthesis of IO NPs {#sec2dot2-nanomaterials-10-00889}
------------------------

IO NPs were synthesized using thermal decomposition \[[@B20-nanomaterials-10-00889]\]. Oleic acid (6.08 mmol) was dissolved in 20 mL of octyl ether under a nitrogen atmosphere. The mixture was magnetically stirred and heated until the temperature reached 100 °C. After this, Fe(CO)~5~ (6.08 mmol) was injected into the mixture, and the resulting mixture was slowly heated and refluxed at 290 °C for 2 h. During reflux, the yellow-orange colour of the solutions changed to colourless then to black due to the thermal decomposition of Fe(CO)~5~ and iron oxide nanoparticle nucleation. After 2 h, the solution was cool aerated for 14 h at 80 °C, and then refluxed for 2 h (aerated iron oxide). The aerated solution was purified by adding ethanol followed by centrifugation (6000 rpm × 30 min). This process was repeated three times. Formed NPs were dispersed in CHCl~3~ and stored at 4 °C.

2.3. Preparation of HCA-Coated IO NPs {#sec2dot3-nanomaterials-10-00889}
-------------------------------------

Hydrophilic NPs were obtained via ligand exchange reaction, where OA ligand was replaced with hydrocaffeic acid (HCA). Briefly, hydrophobic IO NPs (20 mg) were dispersed in 1 mL of tetrahydrofuran (THF) \[[@B21-nanomaterials-10-00889]\], and a solution of the ligand was prepared by dissolving 50 mg of HCA in 5 mL of THF. Hydrophobic NPs were added dropwise to the ligand solution, and the mixture was then stirred at 50 °C for 3 h to complete the reaction. Upon cooling the reaction mixture to room temperature, 0.5 mL of 0.5 M NaOH was added to precipitate the NPs, which were collected using centrifugation and redispersed in water and stored at 4 °C.

2.4. Preparation of NDPM-Coated IO NPs {#sec2dot4-nanomaterials-10-00889}
--------------------------------------

Nitrodopamine palmitate (NDPM) ligand was synthesized as described in the literature \[[@B22-nanomaterials-10-00889]\]. NDPM-coated IO NPs were prepared by exchanging the oleic acid coating on the surface of IO NPs with NDPM ligand. Briefly, OA-IO NPs were completely dried (15 mg), then dissolved in THF (5 mL). In a separate vial, NDPM ligand (30 mg) was dissolved in a solution of DMSO/THF (1:2) (1.5 mL). OA-IO NP solution was transferred to a 15 mL Falcon tube, and the NDPM ligand solution was added dropwise. The obtained mixture was bath sonicated for 30 min and then transferred to a water bath at 50 °C for 24 h under constant magnetic stirring. The obtained NDPM-IO NPs were purified from the free ligand using centrifugation. The NP dispersion was transferred to the 15 mL Falcon tube and centrifuged for 1 h at 9000 rpm. After centrifugation, a black precipitate was formed at the bottom of the Falcon tube. The supernatant was collected, and the precipitate was washed with fresh THF (4 mL), followed by 1 h centrifugation, as described above. The washing and centrifugation steps were repeated three times. The purified NDPM-IO NPs were dissolved in chloroform (CHCl~3~) to obtain a final concentration of 5 mg/mL and stored at 4 °C.

2.5. Preparation of MLs {#sec2dot5-nanomaterials-10-00889}
-----------------------

MLs were prepared using a thin-film hydration method followed by extrusion. Briefly, 0.3 mg of NDPM-IO NPs (1 mg/mL) and 10 µmol of phospholipid were dissolved in CHCl~3~. For cholesterol-containing formulations, 5 µmol of cholesterol was also included. The organic mixture was transferred to a round bottom flask (25 mL), then removed at 40 °C using a rotary evaporator (Rotavapor R-100 equipped with heating bath, Interface I-100 and vacuum pump V-100, Bunchi, Switzerland). Once the lipid film was formed, the pressure in the flask was reduced to 33 mbar for 2 h. The dried lipid film was then hydrated with 2 mL of 240 mM ammonium sulfate buffer ((NH~4~)~2~SO~4~) pH 5.4) at 60 °C for 1 h to achieve a final phospholipid concentration of 5 mM. To ensure efficient hydration, lipid-film containing flasks were briefly warmed in a circulating water bath to the desired temperature, followed by the addition of the pre-warmed buffer solution. Liposome size was reduced using the mini-extruder (Avanti Polar lipid, Alabama, USA). Samples were extruded at 60 °C through 800 nm (5 cycles) and 200 nm (15 cycles) membrane filters (PC membranes, Avanti Polar lipid, Alabama, USA). Due to the hydrophobicity, non-embedded NPs remain on the membrane filter and are therefore removed during the extrusion process. Liposomes and magneto-liposomes were left to anneal for 2 h at room temperature, then flushed with nitrogen and stored at 4 °C for further experiments.

2.6. Hydrodynamic Diameter and Zeta Potential Measurements {#sec2dot6-nanomaterials-10-00889}
----------------------------------------------------------

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential (ζ-potential) of empty and MLs were determined using Zetasizer Nano ZS90 (Malvern, UK) at 25 °C. Disposable polystyrene cells and folded capillary cells (Malvern, UK) were used for dynamic light scattering (DLS), and zeta potential measurements, respectively. Suspensions were diluted in 0.2 μm filtered deionized water at ratios of 1:10 (v/v) for both DLS and zeta-potential measurements.

2.7. Fourier-Transform Infrared Spectroscopy (FTIR) Measurements {#sec2dot7-nanomaterials-10-00889}
----------------------------------------------------------------

FTIR measurements were performed in order to evaluate the success of the ligand binding to the NPs' surfaces. This was done using a Spectrum 400 spectrometer (Perkin Elmer, Waltham, MA, USA). The spectra were recorded on dried samples in the wavenumber range 4000--650 cm^−1^.

2.8. Magnetic Measurements {#sec2dot8-nanomaterials-10-00889}
--------------------------

For the magnetic characterization, IO NPs were prepared in the form of a dry powder (10 mg). Magnetic measurements were performed with a vibrating-sample magnetometer (VSM MicroSense model FCM 10) at room temperature.

2.9. Inductively Coupled Plasma Mass Spectrometry (ICP-MS) {#sec2dot9-nanomaterials-10-00889}
----------------------------------------------------------

Total concentrations of Fe in the analysed samples were determined using an Agilent 7700 ICP-MS instrument (Agilent Technologies, Tokyo, Japan). A standard solution of Fe was diluted with water for the preparation of fresh calibration standard solutions. For the determination of Fe in aqueous suspensions of IO NPs and MLs, 0.1 mL of the initial sample was mixed with 1 mL of nitric acid (65% HNO~3~, suprapure) and heated in an oil bath at 80 °C for 1 h. After the digestion, all samples were diluted with MilliQ water to a final volume of 10 mL, and appropriately diluted prior to ICP-MS measurements. Digestion was performed in triplicates. Fe content in each sample was determined using an Fe standard curve. For the determination of the Fe concentrations in the cell samples, 2 mL of sample was digested with 0.75 mL of HCl, 0.5 mL of HNO~3~, and 1.25 mL of hydrogen peroxide (30% H~2~O~2~) and heated at 90 °C overnight with the use of a heating oven (Binder GmbH, Tuttlingen, Germany). After the digestion, the sample volume was completed with MilliQ water to a final volume of 10 mL and appropriately diluted prior to the ICP-MS measurements. All the dilutions of the samples were made with ultrapure water (18.2 MΩ cm) obtained from a Direct-Q 5 Ultrapure water system (Merck Millipore, Milford, MA, USA).

2.10. Transmission Electron Microscopy (TEM) {#sec2dot10-nanomaterials-10-00889}
--------------------------------------------

Samples for the TEM analysis were prepared by adding 5 µL of MilliQ water-diluted ML suspension on a carbon-coated 400 mesh copper grid (Ted Pella, Inc., Redding, CA, USA) and air-dried. Sample grids were examined with a JEOL JEM-1400 Plus transmission electron microscope, operating at an accelerating voltage of 120 kV.

2.11. Nuclear Magnetic Resonance (NMR) {#sec2dot11-nanomaterials-10-00889}
--------------------------------------

^1^H NMR spectra were recorded using a Bruker Avance III 400 MHz spectrometer. 1--2 mg of each sample was dissolved in 0.5 mL of deuterated solvent. Dopamine hydrochloride, nitrodopamine, and the NDPM ligand were dissolved in deuterated DMSO (99.9 atom % D, Sigma Aldrich). NHS-palmitate ester was dissolved in 0.5 mL of deuterated chloroform (99.8 atom % D, Sigma Aldrich).

2.12. NMR Relaxivity Measurements {#sec2dot12-nanomaterials-10-00889}
---------------------------------

An aqueous suspension of HCA-IO NPs and MLs was prepared in a concentration range (0.25--5 µg/mL = 0.0045--0.0895 mM) with respect to the Fe content. Relaxation time measurements of HCA-IO NP and ML suspensions were carried out using an NMR/MRI system consisting of a 9.4-T superconducting magnet (Jastec, Kobe, Hyogo, Japan), and a Redstone NMR spectrometer (TecMag, Houston TX, USA). The *T*~1~ relaxation times were measured using an inversion-recovery sequence with 14 different inversion times, ranging from 50 µs to 10 s, while the *T*~2~ relaxation times were measured using the Carr Purcell Meiboom Gill (CPMG) sequence with multiple spin-echoes. The *T*~1~ and *T*~2~ relaxation times were calculated from the best fits between the measurements and the corresponding model for either *T*~2~ relaxation (exponential dependency of the echo-signal on the echo number) or *T*~1~ relaxation (dependency of the inversion recovery signal on the inversion time). The calculations were performed using the Origin program (OriginLab Corporation, Northampton MA, USA). The dependencies of the longitudinal (1/*T*~1~) and transverse (1/*T*~2~) relaxation rates on the Fe concentration in the sample were used to extract the relaxivities *R*~1~ and *R*~2~. These are defined as proportionality constants between the contrast-agent-induced increase of the corresponding relaxation rate and the MR contrast-agent concentration. $$R_{1} = \frac{\left( \frac{1}{T_{1}} \right)_{C} - \left( \frac{1}{T_{1}} \right)_{0}}{C}~,~~~~R_{2} = \frac{\left( \frac{1}{T_{2}} \right)_{C} - \left( \frac{1}{T_{2}} \right)_{0}}{C}$$

Here, *C* denotes the contrast-agent concentration, while the subscripts *C* and 0 denote the relaxation rates at the contrast-agent concentration *C* and zero, respectively.

Cell suspensions were centrifuged in 5-mm NMR tubes (Carl Roth, length 100 mm, outer diameter 4.95 mm, inner diameter 4.15 mm) at 1300 rpm for 5 min. The supernatant was completely removed, and an as-prepared pellet of cells was used in the relaxivity measurements. The same conditions for the *T*~1~ and *T*~2~ relaxation times were used as in the case of the suspensions. The tubes with cell suspensions were arranged in a rosette-like stack and then MRI scanned in the transverse orientation to the tubes with single- and multi-spin-echo sequences to obtain a *T*~1~-weighted and a series of differently *T*~2~-weighted images, respectively. Geometrical and resolution parameters were identical in both imaging experiments: field of view 20 mm, imaging matrix 256 by 256, no slice selection was used, while contrast parameters were TE/TR = 2.7/500 ms (echo time /repetition time) for the *T*~1~-weighted image and TE/TR = 13/2000 ms (inter-echo time/repetition time), number of echoes 8 for the series of *T*~2~-weighted images.

2.13. In Vitro Experiments {#sec2dot13-nanomaterials-10-00889}
--------------------------

The experiments with urothelial cells were approved by the Veterinary Administration of the Slovenian Ministry of Agriculture and Forestry in compliance with the Animal Health Protection Act and the Instructions for Granting Permits for Animal Experimentation for Scientific Purposes. Primary cultures of normal porcine urothelial cells (NPU) cells were established from two porcine urinary bladders (biological replicates), which were obtained from a local abattoir. Human bladder muscle-invasive urothelial neoplasm (T24) cells were obtained from ATCC (LGC Standards, Germany). Primary cultures of normal porcine urothelial cells (NPU), passages IV to XII, and a cell line of human cancer urothelial cells, derived from muscle-invasive neoplasm (T24), were established as described previously \[[@B23-nanomaterials-10-00889],[@B24-nanomaterials-10-00889],[@B25-nanomaterials-10-00889]\]. Briefly, the NPU cells and T24 cells were seeded into plastic Petri dishes/6-well plastic plates (seeding density 1 × 10^5^ cells/cm^2^ and 5 × 10^4^ cells/cm^2^ for NPU and T24 cells, respectively; TPP, Trasadingen, Switzerland). The NPU cells were maintained in the culture for 4 weeks and the T24 cells for a week to establish normal and cancer urothelial models, respectively. Cells were cultured in a CO~2~-incubator at 37 °C under a humidified atmosphere of 5% CO~2~ (v/v) until they reached \>85% confluency. At that point, cultures were divided into i) control groups and ii) experimental groups. Fe content in the NP suspensions was determined via ICP-MS analysis and both samples, i.e., HCA-IO NPs and MLs (DOPC/Chol/DSPE-PEG~2000~), were prepared either by dilution of HCA-IO NPs or a concentration of MLs containing 4 µg Fe/mL. The total lipid content in the case of the MLs was 1.8 mg/mL (12 mM). After the 24 h incubation, all the cells were gently washed in a fresh culture medium and were further processed for cell-viability assays and MRI analysis. After the incubation with NPs, cell-viability assays were performed using hemocytometer and trypan blue staining of dead cells and hemocytometer counting. The number of viable cells was obtained by subtracting the number of dead cells from all the counted cells. The percentage of viable cells (% Viability) in a given sample was determined as the ratio between the number of viable cells (N~S~) and the number of all the cells in the sample (N~0~): % Viability = (N~s~/N~0~) × 100%.

3. Results {#sec3-nanomaterials-10-00889}
==========

3.1. Preparation and Characterization of Nitrodopamine Palmitate (NDPM)-Coated Magnetic Nanoparticles {#sec3dot1-nanomaterials-10-00889}
-----------------------------------------------------------------------------------------------------

Iron oxide nanoparticles (IO NPs) were synthesized using a thermal decomposition method \[[@B20-nanomaterials-10-00889]\]. The synthesized oleic acid (OA)-coated IO NPs were 4.5 ± 1 nm in diameter, as confirmed by the transmission electron microscopy (TEM) analysis ([Figure 1](#nanomaterials-10-00889-f001){ref-type="fig"}a). The magnetic measurement of the OA-coated IO NPs ([Figure 1](#nanomaterials-10-00889-f001){ref-type="fig"}c) confirmed the superparamagnetic nature of NPs with a saturation magnetization of 26 emu/g, which is a typical value for γ-Fe~2~O~3~ NPs of 4 nm nanoparticles \[[@B26-nanomaterials-10-00889]\]. Furthermore, we modified their surface coatings to enhance their stability and interaction with the lipid bilayer. Nitrodopamine is a versatile molecule that can be easily modified to serve as an anchor group for the functionalization of IO NPs \[[@B22-nanomaterials-10-00889]\]. The primary amine can act as the nucleophile; therefore, the N-hydroxy succinimide (NHS)--ester amine coupling reaction was used to synthesize nitrodopamine palmitate (NDPM) by reacting nitrodopamine with NHS palmitate according to the two-step protocol described in the literature \[[@B22-nanomaterials-10-00889]\]. The detailed procedure of the synthesis of the NDPM ligand is described in the [Supplementary Materials](#app1-nanomaterials-10-00889){ref-type="app"}, and proton nuclear magnetic resonance (^1^H NMR) spectroscopy was used to confirm the successful synthesis of NDPM. NMR spectra together with the identified peaks of the initial reagents (dopamine hydrochloride and NHS-palmitate), the intermediate product (nitrodopamine), and the final product (NDPM) are shown in [Figure S1](#app1-nanomaterials-10-00889){ref-type="app"}.

The OA coating on IO NPs was further replaced with NDPM, to enhance their stability and interaction with the liposome lipid bilayer ([Scheme S1](#app1-nanomaterials-10-00889){ref-type="app"}). A TEM image of the NDPM-coated IO NPs is shown in [Figure 1](#nanomaterials-10-00889-f001){ref-type="fig"}b and indicates no structural changes and a good dispersion of NPs. Fourier-transform infrared (FTIR) spectroscopy was used to confirm the successful ligand-exchange reaction. FTIR spectra of the soluble NDPM ligand and NDPM-coated IO NPs are shown in [Figure 1](#nanomaterials-10-00889-f001){ref-type="fig"}d. The FTIR spectrum obtained for the OA-coated IO NPs confirmed the presence of the adsorbed OA on the surface of the IO NPs, with a good match of the assigned bands (listed in [Table S1](#app1-nanomaterials-10-00889){ref-type="app"}) with that reported in the literature for similar nanoparticles \[[@B27-nanomaterials-10-00889]\]. Characteristic bands for the soluble NDPM ligand are listed in [Table S2](#app1-nanomaterials-10-00889){ref-type="app"}. A comparison of all three FTIR spectra revealed the successful exchange of the OA with the NDPM ligand on the surface of the IO NPs. The characteristic band at 1705 cm^−1^ for the C=O stretch of the hydrogen-bonded OA was not present in the FTIR spectrum for NDPM-coated IO NPs, which indicates complete ligand exchange. The following bands were present in both FTIR spectra for the pure NDPM ligand and the NDPM-coated IO NPs, which therefore indicates the presence of the NDPM ligand on the surface IO NPs: the band assigned to the asymmetric stretching of the N--H bond (*ν*~as~(N--H)) at 3300 cm^−1^, the symmetric stretching of C=O at 1640 cm^−1^, and N--H bending at 1590 cm^−1^ confirmed the presence of the amide group, which was found in the NDPM ligand. Two strong bands representing N--O stretching of the NO~2~ group at 1525 and 1395 cm^−1^ and the band corresponding to the C--N stretching at 1288 cm^−1^ were also present, but the most prominent was the strong increase in the C--O stretching at 1110 cm^−1^ in the FTIR spectra for NDPM-coated IO NPs, indicating the binding of the NDPM ligand to the NPs' surface \[[@B28-nanomaterials-10-00889]\], which was further confirmed by the reduction in the intensity of the C--O stretching of the catechol group *ν*(C--OH)~aromatic~ at 1195 cm^−1^.

In our study, three different phospholipids, namely DPPC (C16:0), DSPC (C18:0), and DOPC (C18:1) were used ([Figure S2](#app1-nanomaterials-10-00889){ref-type="app"}). These lipids were carefully selected due to the differences in their chain length and saturation, which affect the liposomal fluidity and water accessibility ([Scheme 1](#nanomaterials-10-00889-sch001){ref-type="scheme"}) \[[@B16-nanomaterials-10-00889]\]. The longer lipid chain of saturated lipids (DPPC and DSPC) exhibits a high phase transition temperature (*T*~m~) (41 and 55 °C, respectively). While the presence of a double bond in the C18 carbon chain/tail (DOPC (C18:1)) strongly decreases the *T*~m~ (*T*~m~ = −17 °C) ([Figure S2](#app1-nanomaterials-10-00889){ref-type="app"}). Cholesterol was also included in the formulations to enhance the stability and to study its influence on the bilayer fluidity ([Scheme 1](#nanomaterials-10-00889-sch001){ref-type="scheme"}). Free hydrophilic hydrocaffeic acid(HCA)-coated IO NPs were used in all experiments for comparison. The physicochemical properties of all magneto-liposomes (MLs) prepared in this study are shown in [Table 2](#nanomaterials-10-00889-t002){ref-type="table"}. All formulations contain 4 mol % of DSPE-PEG~2000~. For the sake of clarity, hereinafter, this component will no longer be shown in the sample names used in the text.

All ML formulations have a mean hydrodynamic radius in the range 135--155 nm with a low polydispersity index (PDI) of around 0.1. The size for the cholesterol-containing formulations was slightly larger than for the non-cholesterol-containing formulations. The zeta potential results of all liposomal formulations were close to zero, as expected with PEGylated phospholipids. It is important to emphasise that good colloidal stability was observed with all our MLs ([Supplementary Materials, Figure S3](#app1-nanomaterials-10-00889){ref-type="app"}), since the exposure of hydrophobic NPs to the aqueous medium could result in NP aggregation and/or precipitation, which was not observed in our study. MLs of different formulation exhibited brownish colour of different intensities ([Figure S3](#app1-nanomaterials-10-00889){ref-type="app"}), indicating variations in NDPM-IO NP content in the sample. In order to quantitatively determine the amount of Fe in each sample, ICP-MS analysis was performed, and the obtained values are listed in [Table 2](#nanomaterials-10-00889-t002){ref-type="table"}. The highest Fe content was detected in the DSPC (15.90 µg/mL), followed by the DPPC (5.32 µg/mL), and DOPC (0.50 µg/mL) formulations. The Fe content results inversely correlated with the fluidity of their lipid bilayer, where the fluidity was the highest for the unsaturated DOPC and decreased by shortening of the tail length of saturated phospholipids (DPPC \> DSPC). It is known that cholesterol reduces the fluidity of the bilayer \[[@B29-nanomaterials-10-00889],[@B30-nanomaterials-10-00889]\]. Therefore, incorporating cholesterol into the formulation significantly lowered the Fe content of the DSPC/Chol (1.76 µg/mL) and DPPC/Chol (1.22 µg/mL) formulations, while the Fe content for DOPC/Chol remained low (0.65 µg/mL), comparable to DOPC. Finally, structural elucidation using TEM of the MLs of DOPC/Chol and DSPC/Chol revealed spherical structures of \~150 nm ([Figure 2](#nanomaterials-10-00889-f002){ref-type="fig"}), which agreed with the DLS results. Furthermore, only small numbers of dark particles were present in the examined MLs, reflecting the low concentration of IO NPs, as determined using ICP-MS.

3.2. MRI Relaxivity Measurements of MLs {#sec3dot2-nanomaterials-10-00889}
---------------------------------------

The effectiveness of our MLs as MRI contrast agents was investigated by measuring the dependence of the longitudinal (*T*~1~) and transverse (*T*~2~) relaxation times using a range of Fe concentrations. IO NPs from the same batch were used for the preparation of MLs and hydrophilic HCA-coated IO NPs, to reduce batch-to-batch variations. Samples were prepared with different Fe content (0.25--5 µg/mL = 0.0045--0.0895 mM), and the *T*~1~ and *T*~2~ relaxation times are presented in [Figures S4 and S5 in Supplementary Materials](#app1-nanomaterials-10-00889){ref-type="app"}, respectively. HCA-coated IO NPs, containing no phospholipids on the surface, were used as a control. A very important observation was the excellent stability of all the liposomal formulations after the exposure to the magnetic field. On the contrary, despite the good colloidal stability of HCA-coated IO NPs, we could observe evidence of NP agglomeration after the relaxivity measurements (data not shown). This further indicates the suitability of liposomal coating for MRI.

Magnetic NPs are considered as *T*~2~ contrast agents; therefore, all our samples had a small effect on *T*~1~ relaxation time ([Supplementary Materials, Figure S4](#app1-nanomaterials-10-00889){ref-type="app"}). The HCA-IO NP and DPPC/Chol *r*~1~ values were 0.4 ± 0.1 and 0.6 ± 0.1mM^−1^ s^−1^, respectively. For all other MLs, the *r*~1~ values were close to zero; therefore, it was concluded that *r*~1~ for all the samples was below 0.5 mM^−1^ s^−1^, and any further interpretation of these data would be incorrect. On the other hand, MLs have a stronger effect on the shortening of the *T~2~* relaxation time than free NPs (HCA-coated), which indicates MLs have superior MRI imaging capabilities ([Supplementary Materials, Figure S5](#app1-nanomaterials-10-00889){ref-type="app"}). The transversal relaxation rate increased (1/*T*~2~---1/*T*~2~(0)) as a function of Fe concentration, where *T*~2~(0) represents the *T*~2~ relaxation times of water ([Supplementary Materials, Figure S6](#app1-nanomaterials-10-00889){ref-type="app"}). Calculated longitudinal (*r*~1~) and transverse (*r*~2~) relaxivities of different MLs and HCA-IO NPs are summarized in [Table 3](#nanomaterials-10-00889-t003){ref-type="table"}.

Interestingly, all *r*~2~ values of our MLs were very high (\>150 mM^−1^ s^−1^), so dividing such values with an *r*~1~ lower than 1 mM^−1^ s^−1^ would give a significantly higher *r*~2~/*r*~1~ ratio than the proposed limit of 10 \[[@B31-nanomaterials-10-00889]\]. In conclusion, our MLs exhibited higher *r*~2~ values than the hydrophilic HCA-IO NPs ([Table 3](#nanomaterials-10-00889-t003){ref-type="table"}). Among the non-cholesterol formulations, DOPC MLs showed the highest *r*~2~ relaxivity value of 673 ± 12 mM^−1^ s^−1^, followed by DPPC and DSPC MLs (283 ± 5 and 156 ± 42 mM^−1^ s^−11^, respectively). The obtained results are in good agreement with the literature \[[@B16-nanomaterials-10-00889]\], where the *r*~2~ relaxivity value of DOPC liposomes containing OA-coated IO NPs (*r*~2~ = 630 mM^−1^ s^−1^) was almost 2-fold the value obtained with DMPC liposomes. Upon cholesterol incorporation, the *r*~2~ values of DOPC/Chol and DPPC/Chol MLs decreased compared to the values of their non-cholesterol formulations ([Table 3](#nanomaterials-10-00889-t003){ref-type="table"}), as was previously reported by Carvalho et al. \[[@B11-nanomaterials-10-00889]\]. On the contrary, and expectedly, two batches of samples and three independent measurements showed that DSPC/Chol MLs had a higher *r*~2~ value (389 ± 9 mM^−1^ s^−1^) than the non-cholesterol containing counterpart (154 ± 4 mM^−1^ s^−1^), which requires further investigation.

3.3. In Vitro MRI Experiments {#sec3dot3-nanomaterials-10-00889}
-----------------------------

Following an assessment of their MRI effectiveness, DOPC/Chol MLs were selected for in vitro testing, since they demonstrated a high *r*~2~ value in the presence of cholesterol. HCA-coated IO NPs were used as a control. Both samples were incubated with normal porcine urothelial cells (NPU) and cancer urothelial cells (T24). Interestingly, our cell viability results demonstrated high biocompatibility (\>90%) of both samples in normal NPU and the cancer T24 cells, following 24 h incubation ([Figure S7](#app1-nanomaterials-10-00889){ref-type="app"}). Next, in order to quantitatively assess the NPs' uptake, ICP-MS analysis was used to measure Fe levels in each sample, following subtracting the endogenous Fe background (0.44--0.47 μg/mL) ([Table 4](#nanomaterials-10-00889-t004){ref-type="table"}). Comparable Fe content was observed in NPU and T24 cells incubated with HCA-IO NPs (0.42 and 0.44 μg/mL, respectively). This high cellular uptake (\~11%) could be attributed to the small size of these HCA-IO NPs and the extended hours of incubation. On the other hand, for ML samples, higher Fe content was detected in T24 cancer cells compared to non-cancerous NPU cells (0.38 and 0.20 μg/mL, respectively), resulting in almost a two-fold increase in their cellular uptake (9.5 vs 5.0%). This observation agrees with the high nanoparticles uptake of cancer cells \[[@B32-nanomaterials-10-00889]\]. These interesting results highlight that MLs have higher selectivity to cancer cells, compared to small HCA-IO NPs, which could enhance MRI imaging in vivo.

Next, in order to correlate the level of cellular uptake of the NPs and MLs with their MRI signals, the *T*~2~ relaxation times were measured for all cell pellets and are shown in [Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}a. MRI is a very sensitive technique and can detect very small changes in the water proton environment. This is evident from the comparison of the NPU cells (294 ms) and T24 controls (346 ms), where the T24 control appears slightly brighter on the *T*~2~ image than the NPU control ([Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}b). This is attributed to the fact that cancer cells contain more water than the normal cells \[[@B33-nanomaterials-10-00889]\], and therefore, a longer relaxation time for the T24 control was observed than for the NPU control. Classified as *T*~2~ contrast agents, superparamagnetic IO NPs have a strong influence on the relaxation of the water protons. Despite the fact that the concentration of IO NPs in the T24+IO NPs sample is "only" 2 µg/mL higher than in NPU+IO NPs, this difference is sufficient to observe a significant *T*~2~ decrease (*T*~2~ for T24+IO NPs and NPU+IO NPs is 228 and 277 ms, respectively) compared to the control values ([Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}a). Furthermore, the following comparison demonstrates the importance of the relaxivity value of the added contrast agent. Despite the higher cellular uptake of HCA-IO NPs than MLs (11 and 9.5%, respectively) by cancerous T24 cells, a drastic reduction of 92% was observed in the *T*~2~ relaxation time (29 ms) in the MLs cells pellet compared to a moderate reduction of 34% in the *T*~2~ value (228 ms) of the HCA-IO NPs cells pellet. This strong reduction in *T*~2~ relaxation time was reflected in the much darker contrast of T24+MLs compared to the other samples ([Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}b). In contrast, the lower uptake of MLs by the NPU cells resulted in a slight increase of the *T*~2~ value and brighter contrast ([Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}a,b, respectively), probably due to the increased water content caused by the liposomal aqueous core. Overall, MLs caused a minimal change in the MRI contrast of NPU cells. However, cancer cells containing MLs appeared much darker, which is crucial for a cancer diagnosis. On the other hand, the high uptake of HCA-IO NPs in both cell lines makes the differentiation between cancer and healthy cells relatively difficult. These results revealed that MLs could improve the contrast between the healthy and the cancerous tissues at lower Fe concentration than HCA-IO NPs, proving that MLs have a high potential as promising MRI contrast agents for in vivo applications.

4. Discussion {#sec4-nanomaterials-10-00889}
=============

IO NPs have been intensively investigated as potentially superior contrast agents for MRI when compared with the most widely used Gd-based complexes, due to the high magnetic susceptibility and lower toxicity. Numerous reports can be found about the optimal size, shape, crystallinity and composition for IO NPs to yield a high *r*~2~ value \[[@B34-nanomaterials-10-00889]\]. Since the proton relaxation occurs mainly at the surface or in close proximity of the NPs, the coating of the NPs plays a crucial role in the relaxation process \[[@B1-nanomaterials-10-00889]\]. However, this topic has been largely understudied. Thus, in the scope of this article, we attempt to correlate the NP coating properties such as fluidity and hydration number to the NPs' performance as MRI contrast agents. The liposomal structure offers a design of a biocompatible, multifunctional system, where targeting/imaging/treatment can be done simultaneously by incorporating different components either in the liposomal core or in the bilayer. The biggest advantage of using such MLs where magnetic NPs as contrast agents are located in the bilayer is that the entire volume of the core remains available for other active components, such as drugs. Magneto-liposomes containing IO NPs in the bilayer have been investigated for magnetic hyperthermia applications \[[@B35-nanomaterials-10-00889],[@B36-nanomaterials-10-00889],[@B37-nanomaterials-10-00889]\]. However, there is only one study reporting MLs with IO NPs in the liposomal bilayer for MRI purposes \[[@B16-nanomaterials-10-00889]\], where OA-coated IO NPs were used for the preparation of DMPC and DOPC-based liposomes and *r*~1~ and *r*~2~ relaxivity values were determined without any in vitro or in vivo studies. More importantly, the same study reported the highest *r*~2~ value for a DOPC-PS formulation containing OA-coated IO NPs in the bilayer (PS = phosphatidylserine, *r*~2~ = 995 s^−1^ mM^−1^, while DOPC alone has *r*~2~ = 630 s^−1^ mM^−1^) \[[@B16-nanomaterials-10-00889]\]. Nevertheless, no explanation was given for such behaviour. PS lipid might have contributed to a negatively charged surface, thus more hydrated surface \[[@B38-nanomaterials-10-00889]\]; however, zeta potential measurements were not performed to confirm this claim. This highlights the necessity of conducting a systematic investigation of different liposomal formulations to prepare efficient MLs as contrast agents for MR imaging, which is the main focus of the present study, prior to conducting any in vivo studies.

In the present work, we systemically investigated the effect of lipid composition (i.e., melting point and cholesterol content) on MRI capabilities. To ensure the successful incorporation of the NPs in the liposomal bilayer, small NDPM-coated NPs were used \[[@B39-nanomaterials-10-00889]\]. In agreement with other reports \[[@B40-nanomaterials-10-00889]\], our results showed that incorporating NDPM-IO NPs into the lipid bilayer of the liposomes had minimal effects on liposome physicochemical properties ([Table 2](#nanomaterials-10-00889-t002){ref-type="table"}). Nevertheless, the incorporation of the IO NPs was highly dependent on the membrane fluidity, which is influenced by its melting point or the cholesterol content ([Table 2](#nanomaterials-10-00889-t002){ref-type="table"}). Surprisingly, increasing the membrane fluidity in non-cholesterol-containing lipid bilayers decreased the NP content (DSPC \> DPPC \> DOPC), which could be explained by the lower ability of the fluid bilayer to accommodate and withhold nano-sized hydrophobic NPs stably. On the other hand, we have shown that increasing the rigidity of the bilayer by incorporating cholesterol dramatically reduced the concentration of NPs, particularly in high-melting point lipid bilayers ([Table 2](#nanomaterials-10-00889-t002){ref-type="table"}). Previously, we observed comparable results, using the same liposomal formulations loaded with hydrophobic docetaxel drug \[[@B41-nanomaterials-10-00889]\]. Furthermore, a similar trend was obtained following encapsulating hydrophobic quinine into DMPC, DPPC, and DSPC lipid bilayers with an increasing cholesterol content \[[@B42-nanomaterials-10-00889]\]. It was shown that a high concentration of cholesterol causes limited space for drug accommodation due to the steric hindrance provided by the steroid reducing the EE, which could explain the lower concentration of the hydrophobic IO NPs in our cholesterol-containing MLs.

Ultra-small IO NPs usually have very low *r*~2~ values as a consequence of lower magnetization ([Figure 1](#nanomaterials-10-00889-f001){ref-type="fig"}c) than the one obtained for NPs of a larger size. For example, the highest reported *r*~2~ values for small NPs (4--5 nm) are in the range from 24 to 44 s^−1^ mM^−1^ \[[@B43-nanomaterials-10-00889],[@B44-nanomaterials-10-00889]\]. However, an appropriate coating can boost the contrast capability of magnetic NPs \[[@B1-nanomaterials-10-00889]\]. In our study, incorporation of such small NPs in the liposomal formulations led to an improvement in these *r*~2~ values ranging from 153 ± 5 s^−1^ mM^−1^ for DPPC/cholesterol/DSPE-PEG (96/50/4) up to 673 ± 12 s^−1^ mM^−1^ for DOPC/DSPE-PEG (96/4). Interestingly, all our ML formulations significantly decreased *T*~2~ values at very low Fe concentration and thus exhibited high *r*~2~ values. A similar effect was shown for MLs containing hydrophilic IO NPs in the core. Bealle et al. \[[@B15-nanomaterials-10-00889]\] investigated MLs composed of DPPC/DSPC (90/10 mol%) lipids and loaded with citrate-coated IO NPs. When those hydrophilic NPs (For 7- and 9-nm sized IO NPs, *r*~2~ values were 114 and 204 mM^−1^ s^−1^, respectively) were encapsulated in the liposomal core, the *r*~2~ value increased to 138 and 267 mM^−1^ s^−1^, respectively. Furthermore, our systematic investigations showed that *T*~2~ relaxation times were affected by the lipid bilayer fluidity (i.e., melting point). More precisely, higher fluidity of the bilayer (DOPC \> DPPC \> DSPC) led to higher relaxivity (DOPC \> DPPC \> DSPC). A summary of these observations is listed in [Table 5](#nanomaterials-10-00889-t005){ref-type="table"}. In agreement with our results, Martínez-González et al. \[[@B16-nanomaterials-10-00889]\] showed a similar trend whereby a saturated DOPC formulation had a significantly higher *r*~2~ value (630 s^−1^ mM^−1^) than the unsaturated DMPC MLs (340 s^−1^ mM^−1^), both containing OA-coated IO NPs in the bilayer. Unfortunately, no solid explanation for such behaviour was given.

A systematic study based on Gd-based *T*~1~ contrast agents reported that low accessibility of contrast agents to water protons (i.e., less fluid coating) resulted in lower relaxivity \[[@B19-nanomaterials-10-00889]\]. No such correlation was shown before for *T*~2~ contrast agents; however, we believe that the theory developed for *T*~1~ contrast agents \[[@B19-nanomaterials-10-00889]\] can also be applied to explain the bilayer fluidity-relaxivity correlation for MLs, which will be briefly described below. A three-sphere model describes the interaction between the water protons and the magnetic centre, and therefore, the *r*~1~ and *r*~2~ relaxivities are divided into three contributions: \[[@B1-nanomaterials-10-00889]\] a) *the inner sphere relaxivity* (*r*^IS^), where the hydrogen nuclei from water (or other molecules) can directly bind to the magnetic metal centre, b) in *the second sphere relaxivity* (*r*^SS^) the magnetic metal centre interacts with the long-lived hydrogen nuclei (e.g., diffusing water molecules and exchangeable protons) that are not directly bound to the metal centre and c) *the outer sphere relaxivity* (*r*^OS^) that comes from the surrounding bulk water and is constant for a specific environment (e.g., *T*~1~ and *T*~2~ times for pure water are around 4000 and 2000 ms, respectively, depending on the measurement conditions). For *T*~2~ contrast agents, the contrast mainly comes from the inhomogeneity of the generated magnetic field created by the magnetic centres, whose influence is extended to the second sphere, making the *r*^SS^ the most important contributor to the *r*~2~ value \[[@B1-nanomaterials-10-00889]\]. This indicates that the superparamagnetic NPs as *T*~2~ contrast agents have a longer-range influence on water protons and not only on the molecules directly bound to their surface. From this perspective, the more the water molecules diffuse into the secondary sphere of NPs, the greater the possibility of relaxing these molecules. Thus, the use of coatings that may exclude water from the vicinity of the NPs, hindering water diffusion or extremely prolonging the water residency, can cause a reduction in *r*~2~. In addition, the presence of the ligands with circulating electrons (π-system, for example, double bound in unsaturated phospholipids) will enhance *r*~2~ values \[[@B1-nanomaterials-10-00889]\]. More precisely, during the MRI scan, magnetic NPs create a fluctuating magnetic field, and the electrons in the surrounding atoms undergo circulations. This generates small local magnetic fields of the opposite direction, which contribute to enhanced field inhomogeneity and, consequently, higher measured relaxivity *r*~2~. Therefore, not only higher fluidity but also the presence of a π bond in the DOPC is responsible for higher *r*~2~ values compared to DPPC- and DSPC-based formulations.

Furthermore, a critical factor for *r*~2~ is the diffusion dynamics of water molecules in the magnetic field gradients. This contribution is measured by the number of water molecules diffused into the secondary sphere of the contrast agent and their residency time within the region. Liposomes increase MR contrast agent hydration number and decrease the water diffusion rate caused by a phospholipid bilayer \[[@B45-nanomaterials-10-00889]\]. Moreover, the phosphocholine head group present in our MLs has a high hydration number, where 25--30 water molecules are needed to completely hydrate the phosphocholine head group, in contrast to the ethanolamine head group hydration number (10--12 water molecules) \[[@B46-nanomaterials-10-00889]\]. This indicates that more water molecules are present in the vicinity of the magnetic centres, which amplifies the MR signals. In addition, PEG molecules are responsible for a fixed aqueous layer thickness (FALT) near the liposomes, thus assisting water diffusion through the bilayer and maintaining a high hydration number \[[@B47-nanomaterials-10-00889]\]. Therefore, besides the stealth effect, we believe that PEGylated phospholipids, such as DSPE-PEG~2000~, play an important role in enhancing the liposomal hydration state. Furthermore, not only hydration numbers but also water exchange rates differ over three orders of magnitude when comparing different functional groups (phosphonate \~ phenolate \> α-substituted acetate \> acetate \> hydroxamate \~ sulfonamide \> amide \~ pyridyl \~ imidazole) \[[@B48-nanomaterials-10-00889]\], with the phosphonate group having the highest water exchange rate. These parameters could explain the MR superiority of our MLs, regardless of their lipid composition, compared to free HCA-IO NPs.

Cholesterol reduces the fluidity of the membrane and thus the *r*~2~ relaxivity value. Therefore, DOPC/Chol and DPPC/Chol formulations have lower *r*~2~ values (575 and 153 mM^−1^ s^−1^, respectively) than their non-cholesterol counterparts (673 and 283 mM^−1^ s^−1^, respectively). Martínez-González et al. \[[@B16-nanomaterials-10-00889]\] showed a similar effect where DOPC/Chol and DMPC/Chol liposomes containing OA-coated IO NPs exhibited lower *r*~2~ values (281 and 230 s^−1^ mM^−1^, respectively) than the non-cholesterol DOPC and DMPC formulations (630 and 340 s^−1^ mM^−1^, respectively). Unexpectedly, our MLs composed of DSPC/Chol/DSPE-PEG (63/33/4) showed a higher *r*~2~ relaxivity compared to DSPC/DSPE-PEG (96/4) MLs. Skouras et al. \[[@B49-nanomaterials-10-00889]\] investigated similar formulations, i.e., DSPC/DSPE-PEG (80/20) and DSPC/Chol/DSPE-PEG (76/20/4), and the relaxivity was lower for the cholesterol-containing sample (46 s^−1^ mM^−1^) than for the non-cholesterol counterpart (154 s^−1^ mM^−1^). The important differences are the lower cholesterol content, and their MLs contained hydrophilic NPs in the core, while our hydrophobic NPs are located in the bilayer, thus the water accessibility might be different. Below *T*~m~, the presence of cholesterol prevents ordered packing of lipids, thus increasing their membrane fluidity \[[@B29-nanomaterials-10-00889],[@B30-nanomaterials-10-00889]\]. This could mean that the lipid bilayer of DSPC/Chol MLs is more fluid or contains more defects at room temperature than the DSPC MLs, and consequently, a higher *r*~2~ is observed. However, further investigations are still warranted to understand the behaviour of these highly stable and clinically-relevant liposomes.

Interestingly, for all the reports investigating H-MLs \[[@B11-nanomaterials-10-00889],[@B12-nanomaterials-10-00889],[@B13-nanomaterials-10-00889],[@B14-nanomaterials-10-00889],[@B15-nanomaterials-10-00889],[@B49-nanomaterials-10-00889],[@B50-nanomaterials-10-00889],[@B51-nanomaterials-10-00889]\] (IO NPs in the core) or B-MLs \[[@B16-nanomaterials-10-00889],[@B37-nanomaterials-10-00889]\] (IO NPs in the bilayer) for MRI applications, no in vitro MRI studies could be found. A detailed list of the above-mentioned references with a summary of their experimental conditions (size of IO NPs and their location in the liposomes, liposomal formulation, concentration range used for the determination of *r*~2~, maximum *r*~2~, and in vivo conditions where applicable) can be found in the [Table S3 in Supplementary Materials](#app1-nanomaterials-10-00889){ref-type="app"}. Promisingly, our in vitro MRI results revealed, for the first time, a clear distinction between normal and tumor cells as a consequence of different internalization of MLs and small HCA-IO NPs. It has been shown that the internalization rate strongly depends on the NPs' size, shape, and surface properties, as well as the type of the cell line \[[@B52-nanomaterials-10-00889]\]. In the present study, normal cells (NPU) internalized 10.5% and 5% of initial HCA-IO NPs and MLs, respectively, while cancerous T24 cells internalized more, i.e., 11% and 9.5%, respectively. It is believed that normal cells are less likely to internalize NPs larger than 10 nm, while large NPs (\>100 nm) can be easily taken up by cancerous cells, as demonstrated in our previous study \[[@B32-nanomaterials-10-00889]\]. Therefore, due to the very small size of the HCA-IO NPs (approx. 4.5 nm), the internalization rate for NPU and T24 cells was similar (10.5% and 11%, [Table 4](#nanomaterials-10-00889-t004){ref-type="table"}), while larger MLs were internalized in the NPU cells to a lesser extent (5%) than in cancerous T24 cells (9.5%). *T*~2~ measurements of the cell pellets ([Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}) demonstrated that not only the concentration but the relaxivity of the contrast agent and the type of cell (caner vs normal) were also crucial factors for the MRI contrast enhancement. For instance, although the higher Fe content HCA-IO NPs caused a smaller reduction in *T*~2~ relaxation times in the cell pellet (T24+IO NPs was shortened only by 34%), in the case of the T24+MLs the *T*~2~ relaxation time decreased by 92% (29 ms) regarding the control sample. This can be attributed to the higher *r*~2~ relaxivity of the MLs. Furthermore, similar cellular uptake levels of IO NPs in NPU and cancerous T24 cells makes a clear differentiation between the healthy and the cancerous cells rather difficult. On the contrary, due to the low cellular uptake the MLs showed no decrease in *T*~2~ relaxation time compared to the NPU control, but even a slight increase in *T*~2~ value, which can be seen as a brighter *T*~2~ image than the NPU control. In the case of the MLs, two competitive processes have to be considered. The first is the influence of the IO NPs that decrease the *T*~2~ signal, and the second one is the influence of the water content increase coming from the liposomal aqueous core, causing the increase in the *T*~2~ signal. At low MLs cellular uptake (low Fe content), the water content increase will be a dominant contribution to the total *T*~2~ signal. Therefore, the *T*~2~ value slightly increased (NPU+MLs sample), which could be seen as a brighter *T*~2~ image ([Figure 3](#nanomaterials-10-00889-f003){ref-type="fig"}b). On the other hand, a high uptake of MLs and consequently a high concentration of Fe in the sample (T24+MLs) shifts these two competitive processes in favor of an IO-based *T*~2~ decrease, although the water content increased and caused a strong dark contrast on the *T*~2~ image. This is an interesting phenomenon, which has not been studied in detail yet and requires a separate systematic study that involves the incorporation of different concentrations of empty and magnetic liposomes in the different types of cells.

Our results clearly demonstrate the importance of tailoring the surface properties of magnetic NPs to enhance their MR imaging capabilities for in vitro and in vivo applications. Taking into account the negligible effect of MLs on the *T*~2~ of the normal cells and a massive signal decrease in the cancerous cells, not only did MLs prove to be highly efficient, but the selectivity between the normal (non-cancerous) and cancerous cells was clearly demonstrated.

5. Conclusions {#sec5-nanomaterials-10-00889}
==============

To the best of our knowledge, this article represents the first systematic study of the influence of different phospholipids on the *r*~2~ values of MLs containing magnetic NPs in the bilayer. Our results showed that *r*~2~ values were highly influenced by the lipid bilayer composition, which was contributed to the differences in the fluidity and the diffusion dynamics of the water molecules in the secondary sphere of IO NPs. Overall, all the prepared liposomal formulations exhibited higher *r*~2~ values than the hydrophilic HCA-IO NPs. Due to the high bilayer fluidity of DOPC-based formulations, their MRI performance was superior to other liposomal formulations. Our in vitro experiments showed that our DOPC/Chol MLs were proven to be non-toxic for normal (NPU) and cancerous (T24) cells after incubation for 24 h. Moreover, the in vitro MRI measurements revealed that MLs could serve as an excellent contrast agent, enabling an easier distinction between the healthy and the cancerous tissues, proving that the studied magneto-liposomes have a high potential to be used as an MRI contrast agent even at very low concentration. Furthermore, MLs could encapsulate a wide range of therapeutics and diagnostics in their aqueous core, offering a great platform for the preparation of multifunctional nanoparticles for theranostics and image-guided drug delivery.
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![Characterization of nitrodopamine palmitate (NDPM)-coated IO NPs (iron oxide nanoparticles). Transmission Electron Microscopy (TEM) images of (**a**) Oleic acid (OA)-coated IO NPs and (**b**) NDPM-coated IO NPs; (**c**) magnetic measurements of OA-coated IO NPs at 300 K, (**d**) FTIR spectra of Fourier-Transform Infrared Spectroscopy (FTIR) spectra of the soluble NDPM ligand, NDPM-coated IO NP and OA-coated IO NPs.](nanomaterials-10-00889-g001){#nanomaterials-10-00889-f001}

![Schematic representation of the fluidity of lipid bilayers made of different phospholipids.](nanomaterials-10-00889-sch001){#nanomaterials-10-00889-sch001}

![Structural elucidation of MLs. TEM images of MLs consist of (**a**) DOPC/DSPE-PEG~2000~ (96/4) and (**b**) DSPC/Chol/DSPE-PEG~2000~ (96/50/4). Scale bar is 200 nm and 50 nm, respectively.](nanomaterials-10-00889-g002){#nanomaterials-10-00889-f002}

![Magnetic resonance imaging (MRI) measurements of MLs in NPU and T24 cells. (**a**) T~2~ relaxation times and (**b**) T~2~-weighted image taken from cell pellets following 24 h of incubation with HCA-IO NPs or MLs (DOPC/Chol formulation). Untreated cells were used as controls. Imaging parameters were TE/TR = 13/2000 ms (inter-echo time/repetition time).](nanomaterials-10-00889-g003){#nanomaterials-10-00889-f003}

nanomaterials-10-00889-t001_Table 1

###### 

List of iron oxide (IO)-based contrast agents that have been clinically approved or entered clinical trials for magnetic resonance (MR) imaging (adapted from \[[@B6-nanomaterials-10-00889],[@B8-nanomaterials-10-00889],[@B9-nanomaterials-10-00889],[@B10-nanomaterials-10-00889]\]). Relaxivities were measured at 1.5 T.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Commercial Name                       NP Size, Coating and Relaxivities (mM^−1^ s^−1^)   Intended Use, Status on the Marked
  ------------------------------------- -------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Endorem in EU/Feridex^®^ IV in USA    150 nm, dextran-coated IO NPs\                     Primarily designed for liver imaging, approved, and withdrawn from the market due to a lack of users.
                                        *r*~1~ = 10.1 and *r*~2~ = 120                     

  Resovist^®^                           60 nm, carbodextran-coated IO NPs\                 Primarily designed for liver imaging, approved, currently available only in Japan.
                                        *r*~1~ = 9.7 and *r*~2~ = 189                      

  Gastromark^®^ in EU/Lumirem in USA    \>300 nm, siloxane-coated IO NPs\                  Approved as an oral contrast agent, withdrawn from the market due to a lack of users.
                                        Relaxivity n.a.                                    

  Rienso in EU/Faraheme^®^ in USA       30 nm, carboxyhydrate-coated IO NPs,\              Approved for iron-deficiency treatment, withdrawn from EU market, available in US to treat iron-deficiency anaemia in adults with chronic kidney disease, off-label use as MRI contrast agent.
                                        *r*~1~ = 15 and *r*~2~ = 89                        

  Sinerem^®^ in EU/Combidex^®^ in USA   30 nm, dextran-coated IO NPs\                      Intended for diagnostic use in the characterisation of lymph nodes visualised by MRI, Phase III completed, application was withdrawn in 2007 before approval, failed to demonstrate a statistically significant benefit for sensitivity and specificity.
                                        *r*~1~ = 9.9 and *r*~2~ = 65                       

  VSOP C184                             Citrate coated 4-8 nm IO NPs,\                     Clinical trials for MR angiography, not approved.
                                        *r*~1~ = 14 and *r*~2~ = 33.4                      

  Abdoscan^®^                           3.5 µm\                                            Oral gastrointestinal imaging, approved in EU but taken off the market in 2000.
                                        Relaxivity n.a.                                    

  Siena Plus^®^                         59 nm IO NPs\                                      Injected subcutaneously to detect lymph nodes with Sentimag^®^ device, approved in EU. In USA, it is limited to investigational use only.
                                        Relaxivity n.a.                                    
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

nanomaterials-10-00889-t002_Table 2

###### 

List of formulations used for the preparation of magneto-liposomes (MLs) with corresponding physicochemical properties. Hydrodynamic size, polydispersity index (PDI) and zeta potential as determined using dynamic light scattering (DLS). Fe content in MLs as measured using inductively coupled plasma mass spectrometry (ICP-MS).

  Lipid Formulation                    Size (nm)   PDI           ζ-Potential (mV)   Fe (µg/mL)
  ------------------------------------ ----------- ------------- ------------------ --------------
  DOPC/DSPE-PEG~2000~ (96/4)           144 ± 3     0.09 ± 0.01   −0.6 ± 0.2         0.50 ± 0.03
  DPPC/DSPE-PEG~2000~ (96/4)           150 ± 4     0.10 ± 0.04   0.8 ± 0.3          5.32 ± 0.08
  DSPC/DSPE-PEG~2000~ (96/4)           135 ± 2     0.11± 0.05    −0.4 ± 0.2         15.90 ± 0.10
  DOPC/Chol/DSPE-PEG~2000~ (96/50/4)   156 ± 4     0.10 ± 0.02   −0.5 ± 0.2         0.65 ± 0.05
  DPPC/Chol/DSPE-PEG~2000~ (96/50/4)   155 ± 6     0.11 ± 0.03   1.9 ± 0.2          1.22 ± 0.08
  DSPC/Chol/DSPE-PEG~2000~ (96/50/4)   141 ± 5     0.07 ± 0.01   0.3 ± 0.1          1.76 ± 0.08

nanomaterials-10-00889-t003_Table 3

###### 

MLs as a promising MRI *T*~2~ contrast agent. Calculated longitudinal (*r*~1~) and transverse (*r*~2~) relaxivities of different MLs and HCA-IO NPs.

  Sample                               *r~1~* (mM^−1^ s^−1^)   *r*~2~ (mM^−1^ s^−1^)
  ------------------------------------ ----------------------- -----------------------
  DOPC/DSPE-PEG~2000~ (96/4)           \<0.5                   673 ± 12
  DPPC/DSPE-PEG~2000~ (96/4)           \<0.5                   283 ± 9
  DSPC/DSPE-PEG~2000~ (96/4)           \<0.5                   156 ± 4
  DOPC/Chol/DSPE-PEG~2000~ (96/50/4)   \<0.5                   575 ± 5
  DPPC/Chol/DSPE-PEG~2000~ (96/50/4)   0.6 ± 0.1               153 ± 5
  DSPC/Chol/DSPE-PEG~2000~ (96/50/4)   \<0.5                   389 ± 9
  HCA-IO NPs                           0.4 ± 0.1               16 ± 3
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###### 

After 24 h incubation of normal (NPU) and cancerous T24 cells, Fe content in the cells was determined using ICP-MS analysis. For the calculation of cellular uptake, the endogenous Fe (control groups) was subtracted (marked as Corrected Fe).

  ------------------------------------------------------------
  Sample             Total\        Corrected\    Cellular\
                     Fe (µg/mL)    Fe (µg/mL)    Uptake (%)
  ------------------ ------------- ------------- -------------
  NPU control        0.44 ± 0.06   \-            \-

  NPU + HCA-IO NPs   0.86 ± 0.05   0.42 ± 0.06   10.5 ± 1.2%

  NPU + MLs          0.64 ± 0.05   0.20 ± 0.06   5.0 ± 0.6%

  T24 control        0.47 ± 0.05   \-            \-

  T24 + HCA-IO NPs   0.91 ± 0.04   0.44 ± 0.05   11.0 ± 1.1%

  T24 + MLs          0.84 ± 0.05   0.38 ± 0.05   9.5 ± 0.8%
  ------------------------------------------------------------
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###### 

Summary of results showing the influence of the phospholipid composition of MLs on the bilayer fluidity and the *r*~2~ relaxivity values.

                 Non-Cholesterol MLs Formulations   Cholesterol-Containing MLs Formulations
  -------------- ---------------------------------- -----------------------------------------
  **Fluidity**   DOPC \> DPPC \> DSPC               DOPC/Chol \> DSPC/Chol \> DPPC/Chol
  ***r*~2~**     DOPC \> DPPC \> DSPC               DOPC/Chol \> DSPC/Chol \> DPPC/Chol
